Phantoms in Radiobiology
Dosimetric phantoms are used, somewhat infrequently, in radiobiological experiments to establish absorbed-dose distributions and to investigate the degree of homogeneity of the irradiation. Unfortunately, the phantoms are often of poor quality leading to incorrect dosimetry reporting (Rossi, 1989) . Initial calibration measurements on the radiation equipment are generally carried out using a standard dosimetric phantom similar to that adopted in radiotherapy dosimetry. Whenever absorbed-dose measurements cannot be performed directly on the species under investigation, dosimetric measurements should be undertaken using suitable phantoms to simulate the species with regard to composition, geometry and physical dimensions. As standard dosimetric phantoms are discussed in detail in Section 4, this section will be devoted to dosimetric phantoms that replicate the whole adult animals that are irradiated frequently in radiobiological experiments.
Investigations in radiobiology have demonstrated that differences of 10% in absorbed dose can produce clearly observable variations in biological response [e.g., effects on spinal cord in the rat (Kogel and Sissingh, 1983) ]. It has therefore been suggested that an accuracy (overall uncertainty) of better than 5% and a precision (reproducibility) of within 2% is required for radiobiological studies (Broerse et al., 1978) . Furthermore, it has been recommended that absorbed-dose distributions should be homogeneous within the irradiated biological structure of interest [ICRU Report 30 (ICRU, 1979) ].
Phantom Materials. The requirements for tissue substitutes selected for phantoms used in radiobiology, are no less stringent than those adopted in the design of phantoms representing human anatomy (Section 3.1) (Wambersie et al., 1969; Mijnheer et al., 1987) . Account must be taken of the type and quality of radiation being used and the species being irradiated.
Radiobiological experiments usually employ orthovoltage x-ray beams, although other types of photon irradiations such as gamma rays from cesium-137 and cobalt-60 have been used. The use of fast neutron beams has also been reported (Rossi et al., 1960; Merriam et al., 1965; Guichard et al., 1980; Van Dam et al., 1980; Gueulette, 1982; Beauduin et al., 1990) .
A survey of animal phantoms used in European radiobiological laboratories undertaken by Davies and Zoetelief (1985) concluded that mice were the mammals most frequently employed and acrylic (Perspex) was the most widely used phantom material. Some experimentalists took special care to simulate specific organs (Scarpa et al., 1979) . In ICRU Report 33 44 (ICRU, 1989) , it was noted that in radiobiology, water or muscle substitutes should be adopted, although '' ... easily available plastics such as acrylic, polystyrene or polyethylene are frequently used .... " Table 7 .1 gives detail of typical compositions for a selection of whole adult animals. The table shows the composition of the cat, mouse, pig, rabbit and rat. Estimated values for the water, lipid and protein contents in the whole body are given, whenever possible for male and female adult animals. For purposes of comparison, data for the human are included. If definitive compositions are not available for the particular species and strain under investigation, the data in Table 7 .1 may be used for developing new phantom materials or assessing the suitability of existing materials. [The composition of cells and plants, sometimes used in radiobiology, are given in ICRU Report 30 (ICRU, 1979) .]
Phantom materials that yield absorbed dose estimations that differ by no more than 1 % from the absorbed doses in the tissues and organs being simulated are now available (White and Constantinou, 1982; Constantinou et al., 1982; Hermann et al., 1986; Geworski, 1986) . When such materials are appropriate in radiobiological dosimetry, their use is strongly recommended.
Geometry and Physical Dimensions of Animal Phantoms. A homogeneous dosimetric phantom of simple, regular geometry (e.g., cylindrical) is often suitable for the simulation of a small animal such as a mouse. For a larger animal, this type of phantom may yield the same absorbed doses as a realistic phantom along the central longitudinal axis, but absorbed-dose distributions perpendicular to the beam direction generally show significant differences. This was evident in the study of Zoetelief et al. (1985) who used unilateral and bilateral irradiations (300 kV x rays; HVL 3.2 mm Cu) and compared rat phantoms that were cuboid, cylindrical and realistic in shape. It was concluded that a dosimetric phantom with realistic geometry and physical dimensions was necessary for the accurate determination of absorbed-dose distributions in a rat or larger animal. The differences in radiation transmission through osseous tissue and soft tissue in mice and rats are usually negligible at orthovoltage x-ray energies and above. So, generally, it is not necessary to introduce skeletons into these phantoms.
Due to its low mass density, inflated lung tissue causes absorbed-dose inhomogeneities in whole body irradiations of animals. For phantoms with dimensions equal to, or smaller than, those of the rat, the presence or absence of lungs can produce differences of 1 to 2% in absorbed-dose distributions using orthovoltage x rays. For larger animals, and particularly with low energy x rays and fast neutrons, the influence of lungs becomes more important and the realistic phantoms used should contain replicated lungs. Alternatively, appropriate lung correction factors should be applied to the absorbed-dose distributions derived from a homogeneous phantom having realistic geometry and physical dimensions. Lung correction factors are available for different homogeneous animal phantoms and different types and qualities of radiation (Marinello et al., 1982; Zoetelief et al., 1985; Zoetelief and Wit, 1986) .
Frozen bodies of mice have been used for dosimetric purposes (Nikl, 1969; Bojtor et al., 1977) . The bodies were sectioned and holes drilled for thermoluminescent dosimeters.
Bolus materials can be used to improve the homogeneity of absorbed-dose distributions. For example, the variations in absorbed dose at the extremities of a rodent, compared to the center of the animal, can be reduced by the addition of bolus. Similarly, bolus can be added to larger animals in such a way that a regular shape is obtained, allowing the use of dosimetric phantoms of simple, regular geometry.
The effects of scattered radiation when groups of animals are irradiated together, must always be taken into account in experimental dosimetry. Whether small or large animal phantoms are involved, additional surrounding material must be provided to simulate the radiation scattering conditions. Animal phantoms are designed usually for a specific experimental arrangement, taking into account the type and quality of the radiation, the mode of irradiation (e.g., whole body or partial body irradiation), the size and compositions of the animals involved. In fact, the size of animals of the same species or even the same strain can vary considerably. For these reasons, standard dosimetric phantoms of simple, reproducible geometries cannot be recommended. The only application of standard phantoms is in the intercomparison of dosimetric methods between radiobiological laboratories. Such intercomparisons have been undertaken by the European Late Effects Project (EULEP) group using standard mouse and rat phantoms (Zoetelief et al., 1985) (Table B .2. 73). A few small-scale intercomparisons have been made with monkey and dog phantoms.
The physical dimensions of phantoms of simple, regular geometry should be within 1 mm of the nominal recommended values. The depth of any radiation detector from the surface of a dosimetric phantom should be known to within 0.5 mm.
Specifications of some animal phantoms used in radiobiology are given in Appendix B.
